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ABSTRACT OF THE DISCLOSURE

A process and apparatus for vacuum casting a plu-
rality of high purity metal parts wherein the metal is
cast into a plorality of preheated, vertically oriented,
side-fed mold cavities subjected to a high vacuum environ-
ment. Each mold cavity is provided with a blind riser ex-
tending upward from the upper mold surface. The cool-
ing of the cast metal is controlled so that solidification
advances slowly from the lower and outer portions of
the cavity and terminating completely within the blind
riser. The controlled solidification causes the nonvolatile
impurities to be concentrated in the blind riser, which is
subsequently cut from the main body of the casting.

e —————

This invention relates generally to vacuum casting.
More specifically, this invention relates to a method and
apparatus for vacuum casting, in reusable graphite molds,
a plurality of high purity precision metal parts whereby
solidification of the cast metal is controlled to yield
high purity structures.

There is a great demand today in research and in-
dustry for high purity metals and high purity precision

metal castings. In many of the new sciences and industrial -

fields, there are numerous examples where even minute
impurities have been shown to cause adverse effects in
the mechanical, chemical and physical properties of other-
wise relatively pure metals.

An example of the concern for purity can be found
in the vacuum switch industry which requires contacts
having gaseous impurity contents below about 10—3 parts
per million. One reason for such high purity requirements
is the fact that any impurities that are present in the con-
tact tend to concentrate at the grain boundaries. Gaseous
impurities are especially undesirable since they are re-
leased from the contacts by heat during switch -operation.
If sufficient gas is evolved from the contacts within the
vacuum switch, the pressure therein will increase to a
point at which the switch will not interrupt an electric
current,

Already the literature is quite extensive on the subject
of high purity metals and the methods for producing
them. Perhaps the most common high purity refining
method is the process known as “vacuum zone refining”
or simply “zone melting.” This method involves the move-
ment of a thin molten cross section through a solid ingot
of the metal to be refined, while said ingot is subjected to
a high vacuum environment. Since the kinetics of zone
melting are well known, they need not be greatly detailed
here. It may be sufficient to say that this process de-
pends upon the difference in solubilities of particular im-
purities between the liquid and solid states of the base
metal. Thus, as the thin molten zone moves across the
ingot, the impurities within the ingot are concentrated
in the lignid ahead of the advancing solid interface so
that the impurities are literally pushed to one end of the
ingot, Concurrently, the high vacuum serves to degas the
melt. That is, the high vacuum environment will re-
move those impurities having a relatively high vapor
pressure and those that form gaseous reaction products
which are pumped away by the vacuum station.
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Although such refining techniques are capable of pro-
ducing ultra-high purity metal in which the impurity con-
tents are measured in parts per million or even parts per
billion, the refining processes themselves do not solve
all of the problems in industry’s demand for high purity.
Most specific application for such high purity metals,
usually requires that the metal, once refined, must still
be cast and even machined without any recontamination.
Casting particularly becomes troublesome as the metal,
once molten, can easily be contaminated by the atmos-
phere or the mold. To prevent such contamination, cast-
ing is most usually effected in spectrographically pure
graphite molds while under a high vacuum. Although such
casting techniques have solved the contamination prob-
lem, casting in a high vacuum environment greatly com-
plicates the casting procedure leading to considerable
difficulty and expense. The most serious disadvantage is
that the space limitations in vacuum casting have usually
limited the operation to one casting at a time., Many at-
tempts have been made to develop techniques for pro-
ducing multiple castings from one vacuum casting oper-
ation. These attempts, however, have usually resulted in
processes wherein the graphite molds are not reusable.
That is, the thermal contractions between a plurality of
castings may actually fracture the molds, or may neces-
sitate breaking the molds in order to extract the cast-
ings. Yet, since the machined spectographic graphite molds
are quite expensive, reusable molds are desirable for
commercial application,

This invention is predicated upon the conception and
development of a new and improved method and appa-
ratus for producing a plurality of high purity metal cast-
ings in reusable spectrographic graphite molds to greatly
reduce production costs. The apparatus is designed to
utilize vacuum degasing techniques and impurity crucible
reactions in combination with limited zone refining in
the casting procedure, while at the same time being ca-
pable of producing precision castings in a variety of con-
figurations.

Accordingly, it is a primary object of this invention to
provide a new and improved method and apparatus for
producing a plurality of high purity precision metal cast-
ings.

It is another primary object of this invention to pro-
vide a2 method and apparatus for vacuum casting a plu-
rality of high purity metal parts in reusable spectro-
graphic graphite molds,

It is still another primary object of this invention to
provide a method and apparatus for vacuum casting a
plurality of high purity, large grained metal parts where-
in the high purity is effected by vacuum degasing, crucible
reactions and limited zone refining by controlled solidifi-
cation of the cast metal,

It is yet another primary object of this invention to
provide a method and apparatus for producing a plurality
of high purity precision metal castings of variable shapes,
configurations and compositions while utilizing the same
basic molds.

These and other objects and advantages are fulfilled by
this invention as will become apparent from a full under-
standing of the following detailed description and ac-
companying -drawings of which:

FIG. 1 is a sectional elevation of a high vacuum, high
purity precision casting apparatus constructed in accord-
ance with one embodiment of this invention;

FIG. 2 is a detailed sectional view of two spectrographic
graphite molds as used in apparatus similar to that shown
in FIG. 1; and

FIGS. 3, 4 and 5 show various mold inserts as can be
used to effect a variety of configurations in the castings.

The apparatus embodiment shown in the drawings, par-
ticularly the molds, is designed primarily for the casting
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of high purity vacuum switch contacts. The following
detailed description therefore, will emphasize this particu-
lar application of the method and apparatus. Although the
casting of vacuum switch contacts may perhaps be the
most prominent application of this invention, it should be
understood that this invention should not be limited there-
to, but may be used for the production of amy high
purity castings.

Referring to the drawings and particularly to FIG. 1,
one embodiment of the apparatus of this invention com-
prises a closed vessel or vacuum chamber 19 formed by
an elongated, vertically disposed, tubular shaped member
11, having removable end plates 12 and 13 secured thereto.
A high-vacuum pumping station 16 is provided to evacu-
ate the chamber 10 via exhaust tube 14 in communication
with the upper portion of chamber 10. The pumping sta-
tion should be capable of maintaining a suitable high vac-
uvum within chamber 10. The extent of the high vacuum
will of course depend upon the specific metal being cast.
For example, in the casting of copper and copper alloys
for vacuum switch contact applications, the pressure within
chamber 10 should be below 5x10—5 mm. of mercury.
The necessary vacuum, level for casting other metals is
within the knowledge of persons skilled in the vacuum
casting art and therefore need not be detailed here. The
tubular member 11 should be fabricated of a nonconduc-
tive high temperature refractory material, such as a high
temperature glass, silica or ceramic impervious to gases.
Some means such as an ion gauge 15 should be provided,
preferably on tube 14, to measure the extent of the vac-
uum created within vacuum chamber 10,

A spectrographic graphite retaining yoke 20 is diposed
within the vacuum chamber 10 resting upon a suitable in-
sulating support member 21. The retaining yoke 20 pri-
marily comprises a right circular cylindrical vessel being
open at the top and provided with a knockout hole 19
through the bottom. The insulating support member 21
may be any high temperautre body which will support the
retaining yoke 20 well above end plate 12. Preferably, sup-
port member 21 comprises a short cylindrical quartz tube
which rests upright npon end plate 12 as shown in FIG. 1.

Spectrographic graphite mold sections 22, 23 and 24
are vertically stacked within retaining yoke 20 to form a
mold cavity 25 between each adjoining mold section, The
mold sections 22, 23 and 24 are held tightly in place by a
spectrographic graphite holddown sleeve 26, releasably
secured to the retaining yoke 20 by any means such as
removable pin 27. Accordingly, a spectrographic graphite
heat sink reservoir 28 is formed by the holddown sleeve
26 and the upper surface of the uppermost mold sec-
tion 24,

All mold sections 22, 23 and 24 and holddown sleeve 26
are machined into right circular cylindrical forms which
will closely fit into the retaining yoke 20. The mold cavi-
ties, which may be of any desired configuration, are ma-
chined into the abutting flat surfaces of the cylindrical
mold sections 22, 23 and 24 as shown.

For production of a single casting, one lowermost mold
section 22 must be provided with a partial mold cavity in
its upper surface and one uppermost mold section 24 must
be provided with a partial mold cavity in its lower surface.
Then, in order to produce a plurality of castings, one or
more intermediate mold sections 23, with partial mold
cavities in both the upper and lower surfaces, may be
provided between mold sections 22 and 24.

Each mold section 23 and 24 must be provided with a
down feeder or sprue which jointly interconnect the mold
cavities 25 with the heat sink reservoir 28. Preferably,
this is done by providing each mold section 23 and 24
with a single vertical channel or slot 2% at the outer edge
thereof. These slots 29 are vertically aligned within the re-
taining yoke 20 to provide a down feeder or sprue between
the mold sections and the retaining yoke 20. Of course, the
lowermost mold section 22 need not be provided with such
a slot. If necessary, the holddown sleeve 26 should also be
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provided with a slot or notch 31 as shown, to provide
access to the sprue formed by slots 29.

The upper portion of each mold cavity 25 is provided
with a blind riser 30 (FIG. 2) approximately at the center
of the cavity. Since the system will be subjected to a high
vacuum during casting, the molten metal will substantially
fill the blind riser 30. That is to say, under a high vacuum,
there will be no substantial air pockets in the mold cavity
25 to prevent the poured metal from substantially filling
the blind riser 30, It is important that the blind riser 30
account for a substantial fraction of the total cavity vol-
ume, at least about 3 percent, but preferably from about
5 to 20 percent. It is also important that the upper surfaces
of the cavity 25 blend smoothly into the blind riser 30 so
that no protruding high points are located on the casting
except the riser 30 itself.

A spectrographic graphite crucible 35 having a teeming
plug 36 is disposed within the vacuum chamber 10 above
the retaining yoke 20 and mold sections therein. This may
be accomplished, as shown in FIG. 1, by placing a quartz
tube 37 upon the retaining yoke 20 to support the crucible
35 thereabove. The crucible 35 should have a melt con-
tainment volume greater than the volume of the mold
cavities 25 and the volume of the heat sink reservoir 28.
The teeming plug 36 must, of course, be operable from
outside the vacuum chamber 10.

As noted previously, those components which are di-
rectly contacted by the molten metal are preferably fabri-
cated of spectrographic graphite, However, this require-
ment is true only for casting metals which will not wet
graphite. For those metals which do wet graphite, these
components should be fabricated from a different refrac-
tory composition such as zirconia. If such a material other
than graphite is used, it is desirable to add a deoxidant to
the melt prior to casting such as carbon, sulphur or the like.

If desired, an alloy hopper 40 and charging plug 41
may be provided within the vacuum chamber 10 supported
above the crucible 35 by any means such as a quartz tube
42. As will be discussed subsequently, such an alloy hopper
40 may be desirable in alloy casting applications in which
the alloy constituents cannot be jointly refined in crucible
35. If such an alloy hopper 40 is provided, the charging
plug 41 must be operable from outside the vacuum cham-
ber 10. This may easily be done by providing an elongated
rod 43 which extends through the top end plate 13. A
vacuum seal 44 must be provided between the rod 43 and
end plate 13 so that air will not leak into chamber 10
when it is subjected to a vacuum. If desired, the teeming
plug 36, on crucible 35, can then be actuated by charging
plug 41 on alloy hopper 40. To do this a molybdenum or
tantalum wire is interconnected between charging plug
41 and teeming plug 36, leaving sufficient slack so that
charging plug 41 can be lifted without lifting the teeming
plug 36.

To melt the metal charge in crucible 35, a water cooled,
high frequency induction coil 45 is disposed concentrically
around crucible 35. Since the principles of high frequency
induction heating are well known, they need not be de-
tailed here. Similarly, a second water cooled, high fre-
quency induction coil 46 is concentrically disposed around
retaining yoke 20 to provide a preheat for yoke 20 and
the molds therein. Such a mold preheat is necessary to
degas the mold and to control solidification of the castings
and to assure a slow solidification rate, as will be discussed
subsequently. Furthermore, the narrow sprue necessitates
preheat so that the metal is not solidified therein before
the mold cavities have been filled. Since the crucible 35
and retaining yoke 20 are in an evacuated chamber, little
or no thermal insulation is needed. As shown in the draw-
ing, the two induction coils 45 and 46 are disposed con-
centrically around tubular member 11 as well as crucible
35 and yoke 20, respectively. If preferred, the two induc-
tion coils 45 and 46 could be disposed within member 11
if suitable connections through tube 11 are provided. If
the induction coils 45 and 46 are placed within chamber
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10, then member 11 may be fabricated from stainless
steel or the like.

In view of the proximity of the yoke 20 and molds
therein to the end plate 12, it may be necessary to water
cool end plate 12 so that the seal between said end plate
12 and tubular member 11 does not become overheated.
This can be done by providing a tubular loop 48 in con-
tact with end plate 12 for water flow therethrough.

In operation, the apparatus must be assembled as de-
scribed above with the metal to be cast placed within cru-
cible 35. Sufficient metal should be provided so that the
cast metal will sufficiently fill the heat sink reservoir 28
as well as the mold cavities 25 therebelow. The high
vacuum pumping station 16 must be activated to effect
a suitable high vacuum within chamber 10, and maintain
the vacuum therein throughout the entire processing and
casting operations. At the same time, a high frequency
alternating current and water are passed through induc-
tion coils 45 and 46 to heat crucible 35 and the molds and
heat sink reservoir therebelow.

When the metal in crucible 35 becomes melted and a
high vacuum is effected in chamber 10, the molten metal
will be degassed and partially refined by virtue of the
high vacuum environment and deoxidized by the spec-
trographic graphite crucible. Such vacuum refining is a
well recognized process for at least the partial purification
of many molten metals, especially molten refractory
metals. Specifically, partial purification will occur by the
volatilization of certain impurity gases, elements and sub-
oxides, especially those elements and suboxides having a
relatively high vapor pressure as compared to the base
metal. In effect, the combination of high temperature and
high vacuum causes the impurities having a relatively high
vapor pressure to be boiled off or driven off as gases and
extracted from the system by the vacuum pumping station
16. In addition, the oxygen in the melt will react with the
carbon from the graphite crucible 35 forming carbon
monoxide to deoxidize the melt. Furthermore, since the
system does contain a substantial quantity of graphite,
the small amount of atmosphere that is present will pri-
marily be comprised of carbon monoxide and carbon di-
oxide which can further purify the melt by ordinary reduc-
tion reactions. Thus, once the metal in crucible 35 be-
comes melted, it will be necessary to hold the melt therein
for a length of time sufficient to cause the above described
partial purification.

‘When the molten metal in crucible 35 has been vacuum
refined, it is then ready for casting. It is necessary that
the heat sink reservoir 28 and molds therebelow be pre-
heated to a temperature at least equal to the temperature
of the molten metal prior to casting. To cast the metal,
the teeming plug 37 is lifted so that the molten metal is
drained from crucible 35 into the preheated heat sink
reservoir 28, where a portion of the melt feeds into the
preheated mold cavities 25 through the sprue formed by
slots 29 against retaining yoke 20. When all the metal
has been teemed, the mold cavities 25 and heat sink
reservoir 28 should be substantially filled with the molten
metal. The power to the two induction coils 45 and 46 is
then shut off and the system is allowed to cool slowly.

It is important that a substantial amount of molten
metal remain within the heat sink 28 while the metal in
the mold cavities 25 is solidifying to control the solidifica-
tion of the castings in the mold cavities. The volume of
the heat sink metal should be at least 20 percent of the
total mold volume, and preferably between 30 and 50
percent. By maintaining the heat sink above the molds, the
castings will solidify from the bottom and outside toward
the top and inside, to further purify the castings by zone
refining. Thus, as the slowly advancing solid-liquid inter-
face advances from the bottom and outside of the casting,
the impurities are pushed toward the top and inside to
finally solidify within the blind riser 30. Subsequently, after
the castings have been extracted from the molds, the riser
is machined off to remove the impurities therewith. The
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importance of the cavity design and blind riser design
should be apparent. Thus, as noted previously, the blind
riser 30 should be so designed into the mold cavity 25
as will permit the advancing solid-liquid interface to move
without obstruction from the lower and outer portions of
the cavity 25 and terminate completely within the blind
riser 30. The advancing interface should not be permitted
to terminate within a portion of the mold cavity that will
be retained as a part of the finished casting. Accordingly,
each casting is individually zone refined as it solidifies
within the mold cavity.

It is equally important that the castings cool slowly so
that large grained castings result. This is because some
of the impurity constituents will be partially concentrated
at grain boundries as adjacent grains solidify and advance
into each other. That is, as each individual grain front
advances into the liquid, the impurities are pushed there-
before as described previously. Then when neighboring
grains intersect at a common interface, some of the im-
purity constituents are concentrated at this boundary.
Therefore, if the castings are allowed to cool rather
slowly, larger grains will be formed, resulting in fewer
grain boundaries. With fewer grain boundaries, a greater
proportion of the impurity constituents will be advanced
into the removable blind riser 30, Furthermore, slow cool-
ing will confine all shrink cavities to the upper surfaces
of the blind riser metal.

After the castings and the heat sink have solidified and
cooled completely, the vacuum pumping station 16 can be
turned off, and air admitted into chamber 10. Thus the en-
tire mold assembly can be removed from the chamber 10
by removing either end cap 12 or 13. To extract the cast-
ings from the mold assembly, pin 27, holding sleeve 26
within retaining yoke 20, must first be removed. Then a
rod or narrow cylinder (not shown) can be used to push
the sections 22, 23 and 24, the castings, the heat sink,
and sleeve 26 from the retaining yoke 20 via the knock-
out hole 19. Since only a thin single sprue 29 was pro-
vided at the periphery of mold sections 23 and 24, any
thermal contraction in the cast metal will not fracture
the molds. Furthermore, the sprue metal can easily be
bent to remove all mold sections 23 and 24 from between
the castings and heat sink for subsequent reuse. The heat
sink and sprue metal can then be cut or broken free from
the castings and reused in subsequent casting operations.
The castings themselves should have the blind riser metal
machined off and finished to yield a high purity finished
casting.

] In some high purity applications, as previously men-
tioned, it is desirable to alloy a different metal with the
base metal to be cast. If both or all alloy constituents are
;efractory in nature, they can be melted and refined jointly
in crucible 35. However, if one or more of the alloy con-
stituents has a relatively high vapor pressure it should
not be directly melted in crucible 35 with the refractory
base metal since the high vacuum environment would
cause the additive to be volatilized, thus purifying the
refractory base metal and defeating the main objective.
In such situations, the relatively volatile metal alloy addi-
tion, should not be added to the melt until just prior to
casting. Ta do this, the relatively nonvolatile base metal
can be melted in crucible 35 as described above. The
volatile alloy should be placed in alloy hopper 40 where
it will remain relatively cool and solid while the base
metal is being melted and vacuum refined therebelow. Just
before casting, charging plug 41 should be pulled allow-
ing the alloy metal to fall into the base metal melt in
crucible 35. Then, as soon as the alloy metal has become
melted and ‘mixed, the entire alloy is cast as described
above,

In vacuum casting, it is desirable to have some degree
pf flexibility in the configuration of the casting itself. This
18 especially true in the casting of vacaum switch contacts
where different compositions and geometrics of the con-
tact tip are desired for different applications, Specifically,
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the conacts all have a similar disk shaped outer periphery
called a “swirl,” as can be seen from the mold cavities
25 in the accompanying drawings. The desired contact tip
surface, however, may be varied substantially. The cast-
ing apparatus and procedure as described herein lends it-
self micely to alternative arrangements in order to alter
the contact tip. For example, the mold sections 22, 23 and
24, as shown in FIG. 2, would produce a single pair of
contact castings having a flat protruding contact tip ex-
tending beyond the swirl which would be formed by the
metal in the tip cavity 50. However, the geometry and
configuration of the contact tip can easily be altered with-
out changing the basic mold sections 22, 23 and 24, by
simply providing variable tip inserts which are insertable
into tip cavities 50 prior to casting. For example, in some
vacuum switch applications, it is desirable to provide
contacts consisting of two dissimilar metals, such as a
main body or “swirl” of copper and a contact tip of tung-
sten or molybdenum or alloys thereof. Therefore, by pro-
viding a socket forming graphite insert 51 (FIG. 3) with-
in the tip cavity 50, a casting can be made having a socket
thereon to which a preformed contact tip of tungsten,
molybdenum or the like can be brazed. If desired, the
casting can be formed directly over a preformed metal tip
by inserting such a tip 53 (FIG. 5) into the tip cavity 50
prior to casting. Then when the cast metal solidifies in
the mold cavity, it virtually welds or fuses itself to the
dissimilar, preformed contact tip 53. This will eliminate
the need for subsequently having to braze the contact tip
onto the casting. It is obvious that other contact tip con-
figurations could be easily effected by appropriate tip in-
serts. For example, tip insert 52 (FIG. 4) would provide
a one piece casting having an annular shaped contact tip.

As has been noted previously, the crux of this inven-
tion Tesides primarily in the design of the mold cavity 25
to incorporate a blind riser 3¢ in combination with the
heat sink to effect a controlled soldification so that the
castings are self-refining through the mechanism of zone
refining. In addition to the unique self-refining feature,
other novel and advantageous features are incorporated
into this invention. For example, the stacked characteristic
of the mold sections in combination with the single sprue
at the side thereof permits the pouring of multiple cast-
ings without the necessity for destroying or damaging the
mold sections. Further, the single sprue at the side also
lends flexibility to the system without changing the basic
mold sections since various mold inserts, as discussed
above, can be incorporated therewith without interfering
with the efficient metal feeding of the molds. It should
also be noted that the bulk metal to be processed need
not be of high purity prior to casting since the melting,
holding and casting operation itself will effect the de-
sired high purity in the casting.

1t should be apparent that numerous modifications and
additional features could be made and incorporated into
the embodiment detailed above without departing from
the basic concepts of this invention. For example, other
methods of controlling the solidification of the castings
have been used and proven effective. In one such method,
the induction coil 46 is axially movable with respect to
the mold cavities, to eliminate the need for a molten metal
heat sink. In such an embodiment, the induction coil 46
is left “on™ after the metal is poured, and then slowly
moved upward with respect to the molds so that the de-
sired solidification is effected. Satisfactory results have
been obtained by moving the induction coil 46 upward
at rates of less than two inches per hour.
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Accordingly, it should be understood that this inven-
tion should not be limited to the details given herein,
but may be modified within the scope of the appending
claims.

The embodiments of the invention in which an exclusive
property or privilege is claimed are defined as follows:

1. The method of vacuum casting a high purity preci-
sion metal part, the steps comprising; melting the metal
to be cast in a crucible within a high vacuum environ-
ment; casting the molten metal into a preheated mold
cavity subjected to said high vacoum environment, said
mold cavity having a centrally disposed blind riser there-
in extending upward from the upper mold cavity; con-
trolling the solidification of the cast metal within the mold
cavity so that a single solid-liquid interface advances
without obstruction from the lower and outer portions of
the mold cavity and terminates completely within said
blind riser, and advances at a rate of no more than about
2 inches per hour causing the main body of the casting to
be zone refined whereby the nonvolatile impurities are
concentrated in the blind riser; removing the casting from
the mold cavity; and cutting the blind riser metal from
the main body of the casting.

2. The method of vacuum casting according to claim
1 wherein the solidification of the cast metal is con-
trolled by providing a heat sink reservoir immediately
above the mold cavity, and pouring 2 sufficient amount of
metal into said heat sink reservoir at the time the metal
is cast as will cause the solid-liquid interface in the
mold cavity therebelow to advance at said rate of no
more than about 2 inches per hour.

3. The method of vacuum casting according to claim
1 wherein the solidification of the cast metal is controlled
by providing an induction coil concentrically arcund said
mold cavity, and after the metal has been cast, moving said
induction coil upward at a rate of no more than about 2
inches per hour.
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